Lateral variation of the in-plane orientation of lipids in a bilayer is referred to as texture. The influence of the protein Shiga toxin on orientational membrane texture was studied in phosphatidylcholine lipid bilayers using polarization twophoton fluorescence microscopy and atomic force microscopy. A content of 1 % of glycosphingolipid globotriaosylceramide (Gb 3 ) receptor lipids in a bilayer was used to bind Shiga toxin B-subunit to the surface of gel domains. Binding of Shiga toxin B-subunit to lipids led to the modulation of orientational membrane texture in gel domains and induced membrane reordering. When Shiga toxin was added above the lipid chain melting temperature, the toxin interaction with membrane induced a rearrangement and clustering of Gb 3 lipids that resulted in the long range order and alignment of lipids in gel domains. The toxin induced redistribution of Gb 3 lipids inside gel domains is governed by the temperature at which the Shiga toxin was added to the membrane: above or below the phase transition. The temperature is thus one of the critical factors controlling lipid organization and texture in the presence of Shiga toxin. Lipid chain ordering imposed by Shiga toxin binding can be another factor driving the reconstruction of lipid organization and crystallization of lipids inside gel domains.
I. INTRODUCTION
Protein-lipid interactions are fundamental for the organization and function of biomembranes, but the mechanisms by which proteins can modify membrane structure are incompletely understood, leaving many questions unanswered [1] . An illustrative example, where protein-lipid interaction plays a central role, is seen in the case of toxins binding to cellular membranes: the toxin proteins are known to impose a change in the membrane structure leading to various diseases [2, 3] . For instance, Shiga toxin is a bacterial toxin, produced by Shigella dysenteriae, known to be responsible for endocytosis, membrane bending [4] and dysentery. Children infected with Shigella dysenteriae in some cases develop microangiopathic hemolytic anemia, thrombocytopenia and acute renal failure [5] . The present work is focused on the study of influence of Shiga toxin on the lipid texture: the lipid orientation, packing and alignment in bilayers. These lipid properties are known to play important role in the occurrence of conditions like Fabry disease (see e.g. [6, 7] ). teraction has to be mentioned, however cell membranes in real biological systems are not freestanding as well because they interact with the cytoskeleton.
In the present work we study how Shiga toxin interacts with lipids in supported bilayers.
Shiga toxin B-subunit was introduced at temperatures above and below the lipid chain melting point (T m ) into lipid bilayers, prepared by the spin-coating technique [16] . T m means the onset of gel domain formation. Different temperatures were employed in order to elaborate the influence of the Gb 3 receptor mobility and distribution on the Shiga toxin binding and on the lipid texture. The heating of Shiga toxin B-subunit to temperature above lipid melting point is possible because of its thermal stability [19] . The influence of Shiga toxin on lipid reorganization was studied in three model phosphatidylcholine lipid membrane systems forming gel domains at room temperature: DPPC:DOPC, DSPC:POPC and DMPC:POPC. Texture study was performed at room temperature.
II. RESULTS
The toxin binding to lipid bilayer was initially studied by atomic force microscopy (AFM).
AFM images of the DPPC:DOPC samples containing 1 % of Gb 3 were obtained at 20
• C and are presented in Fig. 1 for two types of samples: When Shiga toxin was added at a temperature well below and well above the phase transition temperature, T m , at 20
• C and
60
• C, respectively. For both cases the binding of the Shiga toxin to the membrane surface was confirmed with single protein resolution, as can be seen in Fig. 1 . The number of proteins on the bilayer surface was determined from AFM images using the ImageJ program [20] .
Approximately 100 proteins bound per 1 µm 2 of gel domain can be counted for the sample, where Shiga toxin was added at 20 • C. When Shiga toxin was added at 60
• C and the sample was cooled to 20
• C afterwards, domain nucleation and growth take place in the presence of Gb 3 and Shiga toxin. Here, an increased toxin binding to the gel domain surface was observed at 20
• C as can be seen in Fig. 1b . Number of toxins per 1 µm 2 of membrane surface is greater than 1000 as follows from the image analysis.
Addition of Shiga toxin to a membrane containing 1 % Gb 3 at a temperature above the melting point made a prominent change to the domain size and shape as can be seen in fluorescence images in Fig. 2 . Therefore, to study the influence of Shiga toxin on the lipid orientation in the bilayers a series of samples was prepared: binary mixture as a reference [18, 21] . The hydrophobic mismatch is correlated with the shape of gel domains and recently it was shown that differently shaped domains posses different texture of lipids [18] . to the liquid phase [26] . Therefore, to see how Shiga toxin changes lipid orientation inside gel domains the texture measurements are essential.
P2FM was employed to study lipid orientation in gel domains with and without Shiga toxin. The P2FM technique allows to detect the in-plane lipid orientation under polarized light [16] . The detailed description of the technique can be found in the Section V and in a previously published procedure [16] . Texture analysis of DMPC:POPC samples is not possible by the P2FM technique, because upon addition of Gb 3 lipid to the lipid mixture, lipids change their tilt in gel domains of a lipid bilayer and become perpendicular to the substrate surface. In this case P2FM technique cannot be used to study lipid orientation.
III. DISCUSSION
Initially it is assumed that Gb 3 lipids are distributed uniformly in the bilayer after spincoating in the dry film. After the gel domain formation Gb 3 lipids preferentially partition in the gel phase, as follows from our experiments with pure DOPC and Gb 3 (see Fig. S3 ). The exact percentage of Gb 3 in DPPC:DOPC gel domains is not known precisely and for the estimation of the surface density of Shiga toxin we use 1 % of Gb 3 . The density of Shiga toxin on the surface of gel domains depends on whether the toxin was added to the membrane above or below the melting point because of differences in the Gb 3 diffusion coefficient. The Shiga toxin pentameric B-unit (≈7.7 kDa and diameter ≈5.5 nm [28, 29] ) binds up to 15
Gb 3 lipids [30] [31] [32] . Each monomer has three binding sites (called I, II and III) and most effectively the binding goes through sites I and II, whereas site III has lower affinity [32] .
Binding also strongly depends on the length of the Gb 3 chain and lipid saturation [9, 13, 33] .
In the present study we used commercially available porcine Gb 3 and for the determination of number of Shiga toxin bound to the membrane surface 15 Gb 3 lipids were assumed per one subunit. A simple estimate of the number of proteins expected to bind to DPPC:DOPC gel domains results in ≈1300 proteins per 1 µm 2 assuming a uniform density of Gb 3 everywhere being 1 %, 15 Gb 3 lipids per Shiga toxin unit and 0.52 nm 2 as an area per one lipid [34, 35] .
From the AFM data (see Fig. 1 ) we obtained about 100 of Shiga toxin subunits bound to the gel domain surface per 1 µm 2 , when Shiga toxin was added at 20
• C and more than 1000 toxins per 1 µm 2 for the case, when Shiga toxin was introduced at 60
• C. One order of magnitude difference is attributed to the specific orientation and positioning of Gb 3 lipids in the gel domains caused by Shiga toxin; to bind one STxB unit Gb 3 lipids should be positioned close enough in a certain pentameric configuration [30] that is less probable to exist in a solidified gel domain with low diffusion coefficients [26] . When Shiga toxin is added at T>T m , Gb 3 lipids are in the liquid phase and are free to diffuse and adjust their position in order to bind Shiga toxin, which might cluster Gb 3 lipids in its vicinity [36] .
After binding of Shiga toxin to the Gb 3 lipids, gel domains were formed containing Shiga toxin and Gb 3 lipids. The distribution of Gb 3 lipids in gel domains depends, therefore, on the temperature, at which Shiga toxin was added, and Gb 3 distribution in turn influences the density of Shiga toxin bound to the gel domain surface. to dominant orientations and alignment quality, respectively. The peak number varies from sample to sample between 3 and 5. The reference sample has 4 peaks and exhibits high background level in the angle distribution (see Fig. 5a ). The sample DPPC:DOPC:Gb 3 has 3 peaks and also exhibits high background level (see Fig. 5b ). No specific quantitative change can be distinguished between the DPPC:DOPC:Gb 3 sample and the sample with Shiga toxin added at 20
• C as can be seen from Fig. 2b and c. When Shiga toxin was added at 60
• C, at T>T m , regular lipid texture was observed (see Fig. 3d ). A distinct change in the c-director angle distribution can be identified by peak shape becoming more Gaussian (red dashed line) with standard deviation σ ≈ 8
• and a significant background reduction (see Fig. 5d ). Each petal of the gel domain has its own lipid orientation.
Lipid texture in the presence of Shiga toxin depends on the temperature, at which the toxin was introduced. When Gb 3 lipids can cluster under Shiga toxin freely, the density of Shiga toxin bound to the gel domains is one order of magnitude higher than if the Gb 3 lipid position is fixed and can be named temperature regulated surface density of Shiga toxin.
Enhanced lipid texture and ordering for the sample with high density of Shiga toxin is presumably governed by several factors. One factor is the specific distribution of Gb 3 lipids in gel domains due to Shiga toxin binding: Gb 3 lipids cluster, tighten the lipid packing and create internal surface pressure. The effect of the high surface pressure on the long range order in lipid membranes was observed in plain lipid bilayers recently [37] . On the other hand it was reported that Gb 3 itself condenses packing in lipid monolayers [38] . DMPC:POPC sample with 1% of Gb 3 is a good example of Gb 3 induced domain compactization. In the case of DMPC:POPC:Gb 3 sample the inversion of the image contrast was registered (see Another factor that could be responsible for the lipid alignment and crystallization is the chain ordering under the influence of Shiga toxin. This argument arises when we consider the metamorphose in the melting point temperature upon addition of Gb 3 and Shiga toxin.
Addition of Gb 3 suppresses T m by 2-4 degree for DPPC:DOPC and DSPC:POPC mixtures and it cannot be explained only by simple freezing point depression and is attributed to changed lipid interactions. Upon addition of Shiga toxin at the temperature above liquid to gel phase transition, T m increases by 2-3 degrees. The similar dependence was observed for Cholera toxin bound to DMPC bilayers [25] . The increase of the melting point temperature indicated the decrease of the system's entropy, which we attribute to the increased chain ordering [39, 40] .
Cell membranes function either in liquid ordered or liquid disordered phase, where lipid diffusion is enhanced comparing to the gel phase. From our results for the case when Shiga toxin was added in liquid phase (above chain melting point) we can see the strong effect of Shiga toxin on lipid bilayers, resulting in membrane reorganization and reordering.
Therefore, membrane fluidity is an important factor for toxin binding.
IV. CONCLUSION
We have studied the influence of Shiga toxin on the lipid orientation in bilayers. It was 
V. MATERIALS AND METHODS

A. Material
The lipids used in the study were 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),1,2-distearoylsn-glycero-3-phosphocholine (DSPC), purchased from Avanti Polar Lipids, porcine globotriaosylceramide (Gb 3 ) was purchased from Matreya LLC. Shiga toxin B unit (STxB) was supplied by Prof. Ludger Johannes, Institut Curie, UMR144 Curie/CNRS, Paris, France [8] .
All lipids were dissolved in methanol before sample preparation. All used chemicals were HPLC grade quality and Milli-Q water was used for the buffer preparation. HEPES buffer (5 mM, 150 mM NaCl), pH7.0 was prepared by mixing HEPES acid, HEPES base and NaCl components. Muscovite mica from Plano GmbH (Germany) was cut into approx.
10×10 mm 2 pieces, freshly cleaved, and used as a substrate. [16, 41, 42] . 0.5 nM of Shiga toxin B-unit was added either before the cooling process at the temperature above the melting point or after the cooling process was finished at 20
• C, and it was left to bind for 15 min.
C. Microscopy Technique
To study surface morphology of the lipid bilayers atomic force microscope NanoWizard [27] . The texture analysis of bilayers was done based on a custom-developed MATLAB GUI, for more details see [16] . AFM and P2FM microscopy were done at 20
• C
